Introduction
Neuropsychological and neuroimaging studies offer convergent evidence that schizophrenia patients have selective impairments in the functional domains of memory, attention, executive planning, and affect regulation 1, 2 and have neuroanatomical and physiological abnormalities in the temporolimbic and frontal lobe regions that underlie these behavioral domains. 3 Among the sensory modalities, olfaction is most closely associated with these neuroanatomical regions and most intimately related to the affective and mnemonic functions that they subserve. Olfactory probes may therefore be ideal tools through which to assess the structural and functional integrity of the neural substrates underlying disease-related cognitive and emotional disturbances. [4] [5] [6] Perhaps more importantly, to the extent that early sensory afferents are disrupted in schizophrenia, the olfactory system-owing to its strategic anatomic location-may be especially vulnerable to such disruption. As such, olfactory dysfunction may be a sensitive indicator of schizophrenia pathology and, perhaps, may even serve as an ''early warning'' sign of disease vulnerability or onset. In this article, we review the evidence supporting a primary olfactory sensory disturbance in schizophrenia, with particular emphases on (1) the specific neuroanatomical substrates that may be involved, (2) the likely neurodevelopmental etiology of this disturbance, and (3) the cellular and molecular mechanisms that may be implicated. This growing body of evidence, along with the unique opportunity to obtain olfactory neural tissue from live patients through nasal epithelial biopsy, suggests that the peripheral olfactory system may be a promising entry point for understanding the brain mechanisms underlying schizophrenia pathology. 7 
Neuroanatomy of the Olfactory System
We begin with a description of the olfactory system, highlighting several unusual features that make it especially informative. The olfactory system is the only sensory modality that does not utilize the thalamus as a central relay station. 8 Primary olfactory neurons arising in the nasal epithelium project unmyelinated afferent fibers through the cribriform plate into the brain cavity, where they terminate on mitral and tufted cells whose dendrites are clustered in glomeruli in the ipsilateral olfactory bulb (OB) (figure 1, left). Axons from these second-order OB neurons form the olfactory tracts, which project to the ipsilateral pyriform and entorhinal cortices (figure 1, right). 9 Olfactory information passes, in turn, from these primary recipient zones to the amygdala, hippocampus, thalamus, and orbitofrontal cortex. 10 It also passes through the anterior commissure to olfactory cortical areas in the contralateral hemisphere, facilitating the integration of olfactory inputs to left and right nostrils. With only 2 synapses between olfactory receptors and secondary cortical and subcortical targets, 9 the olfactory system provides the most direct environmental access to the neuroanatomical substrates that have been implicated in schizophrenia.
The olfactory system is also unique in that it retains plasticity and exhibits robust neurodevelopment throughout life. The olfactory epithelium regenerates approximately every 2-3 months. 11 Basal stem cells divide to give rise to new immature neurons that migrate toward the epithelial surface. These neurons differentiate into mature olfactory receptor neurons (ORNs) that project new axons back to re-innervate the glomeruli of the OB and form new synapses with target neurons. The olfactory system thus offers an unparalleled opportunity to observe the developmental processes of neurogenesis, axon guidance, and synapse formation that are no longer evident to any significant extent in other adult brain areas. Given the growing clinical and postmortem evidence implicating abnormal neurodevelopment in the pathogenesis of schizophrenia, the olfactory system may therefore hold special promise for understanding neurodevelopmental contributions to schizophrenia pathophysiology.
Developmental Neurobiology of Olfaction
Morphological differentiation of the human olfactory system occurs early in embryonic development. 12 The nasal placodes begin to invaginate to form nasal pits at about the sixth week of gestation, and the nasal cavities are fully sculpted by week 11.
13 ORN axons reach the bulb by the end of the first trimester and there is evidence of mitral cell synapse formation by the 17th week of gestation. The olfactory system is believed to be functional in the late fetus, and newborns can discriminate among a wide variety of odorants. Consistent with its early development, the olfactory system is vulnerable to disruption, in utero, by physical and chemical teratogens. 12 The evidence that such disruptions may also play a role in the etiology of schizophrenia is now clear. A history of gestational or perinatal complications, including second trimester influenza infection, 14 rhesus and ABO blood-type incompatibility, 15 and perinatal anoxic birth injury, 16 all increase the risk of illness. A neurodevelopmental etiology is also supported by findings of reduced cranial size 17 and, in particular, minor midline physical anomalies (eg, reduced palate height and cleft palate) that arise from the same embryological processes that produce the olfactory structures. 18 It is plausible, therefore, that early developmental abnormalities in the structure, growth, or functioning of olfactory neurons would not only result in olfactory deficits but would also be representative of neurodevelopmental abnormalities that were more diffusely extant in the brain during gestation. 
Behavioral Evidence of Olfactory Impairment

Abnormalities in Schizophrenia Patients
Since the pioneering psychophysical studies of olfactory recognition memory in patients with schizophrenia by Campbell 21 reportedthatpsychoticpatients, most notably schizophrenic men, were hypersensitive to the odorant 5a-16-androsten-3-one. However, more recent studies have not confirmed this hypersensitivity, with some studies finding intact olfactory sensitivity [22] [23] [24] and others demonstrating decreased sensitivity. 25, 26 With only one exception 27 deficits in odor identification, 23, 24, 26, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] odor detection threshold sensitivity 25, 26 and odor memory 19, 38, 39 have all been reported.
Despite the increasing interest in olfactory abnormalities in patients with schizophrenia, very few studies have explored the relative severity of different olfactory deficits (ie, identification, threshold, memory, and intensity/hedonics). Given the presumed differences in neuroanatomical loci for these different olfactory domains, it may be expected that they would be differentially impaired in the disorder. In addition, the effects of potential moderator variables, such as gender, medication, and smoking history, have not been consistently assessed across studies. However, a comprehensive meta-analytic review of the literature pertaining to olfactory function in schizophrenia 20 revealed that (1) comparable deficits are seen for all psychophysical measures (odor detection, identification, and memory); (2) no differences exist between male and female patients, except as they reflect more general gender differences in olfaction; (3) there are no significant effects of antipsychotic medications on olfactory performance; and (4) patient deficits persist after accounting for the effects of smoking.
Family and ''At-Risk'' Studies
Responses to odorants often appear to be instinctual, and highly consistent responses are observed across individuals within a species. This reflects the fact that there are important genetic contributions to the development of the olfactory system. 40 So, it is reasonable to consider whether the olfactory abnormalities observed in schizophrenia might also be genetically mediated. There have now been several studies of olfactory performance in unaffected family members of patients. [41] [42] [43] Although results have been inconsistent, some deficits have been found. In one of the most compelling studies, Kopala and colleagues 42 examined 19 probands, 27 nonpsychotic family members, and 43 healthy controls using the University of Pennsylvania Smell Identification Test (UPSIT) and an ascending staircase odor detection threshold test. They found that the UPSIT performance of the nonpsychotic family members was intermediate to that of the patient probands and the healthy controls. Fifty-eight percent of the probands and 34% of the nonpsychotic family members performed in the microsmic range, compared with only 9% of healthy comparison subjects.
Roalf et al 43 expanded on these earlier efforts by testing schizophrenia patients, unaffected family members, and healthy comparison subjects unirhinally (ie, each nostril separately) rather than birhinally. In addition to exposing potentially important laterality differences, unirhinal testing eliminates the effects of birhinal facilitation, whereby olfactory performance is improved through secondary integration of the separate left and right nostril afferent inputs. Unirhinal testing is therefore a ''purer'' test of the integrity of primary olfactory afferents. Odor identification and detection threshold sensitivity measures were acquired from 22 Diagnostic and Statistical Manual of Mental Disorder (Fourth Edition) diagnosed schizophrenia patients, 30 nonill first-degree family members, and 45 healthy comparison subjects, who did not differ with regard to age, sex, or level of education. This study provided the first description of unirhinal olfactory function in a relatively large sample of schizophrenia patients and their unaffected family members. Both patients and first-degree relatives showed significant deficits in their ability to correctly identify odorants. Mean scores of family members were nominally intermediate to those of patients and controls. However, family members' odor identification scores were not statistically different from those of patients. Patients were also impaired in their ability to simply detect the presence of a low concentration odorant, relative to healthy controls. In contrast, there were no significant differences in detection threshold between healthy participants and family members or between patients and family members. These results have now been replicated in a larger sample (figure 2). The finding of comparable odor identification deficits in patients and nonill firstdegree relatives suggests that this is likely to be a genetic marker of vulnerability to the illness, rather than a manifestation of the disease itself. The presence of both identification and threshold sensitivity deficits in patients, but only identification deficits in the nonill family members, may indicate dissociation between olfactory deficits that represent genetically mediated vulnerability factors and deficits that are manifestations of the overt disease process.
Consistent with the hypothesis that at least some olfactory abnormalities denote a genetic vulnerability to schizophrenia, olfactory performance deficits have also been reported in individuals with schizotypal personality disorder, 44 who are thought to share the same genetic vulnerability as patients with schizophrenia. Studies of ''psychosis-prone'' individuals, who do not meet criteria for any disorder but score high on measures of perceptual aberration, physical anhedonia, and magical ideation, have similarly shown that these subclinical symptoms are correlated both with increases in deviant olfactory experiences (eg, misperceptions and hallucinations). [45] [46] [47] The relationship between olfaction and aberrant cognitive and perceptual experiences extends beyond mere correlation. In a 10-year longitudinal study, 48 the presence of such deviant olfactory experiences was found to significantly predict the development of future psychosis. More importantly, a similar investigation 49 examining actual psychophysical olfactory deficits, as opposed to aberrant olfactory experiences, found that odor identification performance was significantly impaired in those ''high-risk'' individuals who subsequently developed schizophrenia but not in those who went on to develop affective psychoses or remained symptom free. This finding has been recently replicated in a sample of 26 well-characterized adolescents with early onset psychosis. 50 Results revealed that deficits in odor identification existed across youths with psychotic disorder and were specifically related to typical characteristics of schizophrenia, such as negative symptoms and lower intelligence, but not to features of bipolar disorder.
Diagnostic Specificity
The causes of olfactory impairments are numerous, including chemical, infectious, traumatic, metabolic, and hormonal disturbances. Within the realm of neuropsychiatry, several neurodegenerative disorders have been shown to compromise olfaction, including Alzheimer's disease, Down's syndrome, Huntington's disease, Parkinson's disease, and multiple sclerosis. 51 Among these, the relationship of olfaction to Alzheimer's disease is perhaps of greatest interest because the anterior medial temporal lobe areas that receive afferents from the OB are among the earliest to exhibit the characteristic neuropathology of that disorder. It has therefore been suggested that olfactory deficits may be an early indicator of disease onset, prior to the development of clinically observable memory loss. The question of diagnostic specificity or lack thereof is much less certain with respect to the major psychiatric disorders. For reasons that are not clear, there have been only a few studies of olfaction in affective illnesses, and the data that do exist are inconsistent. Patients with major depression or seasonal affective disorder have variously been reported to exhibit increased, 52, 53 decreased, 54 and normal 55 olfactory acuity, as well as normal 27, 33 and reduced 26 olfactory identification ability.
There is even less information concerning bipolar affective disorder (BPD) patients. One early study 30 found no impairments in either acuity or identification among BPD patients being treated with antipsychotic medications. A subsequent investigation 56 found that affective disorder patients were indistinguishable from schizophrenia patients on olfactory identification performance. However, those affective disorder patients with psychotic symptoms also performed significantly worse than those without evidence of psychosis. Most recently, a study of heterogeneous first-episode psychosis patients 57 reported no difference, across the diagnostic subgroups, in the level of odor identification impairment. The authors concluded that olfactory deficits exist at the onset of psychotic illness, but they are not specific to schizophrenia or schizophreniform disorder. The accumulating evidence from these studies, and from the high-risk studies cited above, indicate that olfactory deficits are relatively specific to psychotic disorders, as distinct from nonpsychotic psychiatric conditions. However, the specificity to schizophrenia, as opposed to BPD with psychosis, is less clear. The finding cited above, 49, 50 that olfactory impairments during the prodromal phase significantly predict a subsequent diagnosis of schizophrenia, supports the hypothesis that this is a true disease-specific vulnerability marker.
Summary and Limitations
These investigations indicate that (1) olfactory abilities are impaired in schizophrenia; (2) similar impairments are evident in individuals who are symptom free but genetically at risk; (3) these deficits may be diagnostically specific for schizophrenia as opposed to other major psychiatric conditions; and (4) they may be predictive of those high-risk individuals who will develop overt illness. However, it is important to emphasize that these findings were all based on behavioral performance measures, which rely upon a subject's cooperation, motivation, attention, and cognitive capacity to ensure accurate assessment. It remains unclear, therefore, whether olfactory deficits denote a primary disturbance within the olfactory neural substrate or whether these are merely reflections of more diffuse cognitive and/or affective impairment. With few exceptions, prior studies have not included structural or physiological assessments of the integrity of the olfactory system. Structural and functional measures that do not rely upon nonspecific factors such as motivation or attention are likely to be more sensitive to differential deficits across diagnostic groups and more specific in localizing abnormalities to discrete neural substrates. We consider, below, the neurobiological evidence supporting specific disruptions in each of the 3 components of the afferent olfactory system-the primary olfactory cortex, the bulbs and tracts, and the nasal cavity.
Structural Abnormalities
Olfactory Cortex
There have been a vast number of quantitative magnetic resonance imaging (MRI) studies in schizophrenia. 58 Areas of the temporal lobe, including the superior temporal gyrus, hippocampus, and amygdala, have been among the most extensively studied. Interest in these particular regions stems from their association with the verbal, cognitive memory, and affective symptoms that are prominent in the disorder. Primary olfactory brain regions, in contrast, have been virtually ignored. However, a growing number of studies have now examined the entorhinal cortex (Brodmann area 28), 59 -65 which functions as a critical relay between the hippocampus and cortical association areas and, importantly, also receives direct afferent inputs from the OB. Patient decrements were identified in 6 of 7 studies, including 2 that focused exclusively on neuroleptic-naive first-episode patients. 63, 64 In one of these, 63 however, a small sample of nonschizophrenic psychotic patients also exhibited reduced entorhinal cortical volumes, raising a question regarding the diagnostic specificity of this volume reduction.
Only 2 studies have specifically assessed the perirhinal cortex (Brodmann areas 35 and 36), which receives most of the afferent inputs from the OB. 61, 65 Both found volume decrements in this region. However, a similar abnormality was not observed in the first-degree relatives of schizophrenia patients (B.I. Turetsky, MD, unpublished data, 2003). Importantly, Turetsky et al 61 also found that this volume decrement was specific to the primary olfactory cortex and did not extend into the adjacent temporopolar cortex (Brodmann area 38), which is functionally distinct and does not receive any olfactory afferents. This finding of intact temporal pole morphology in schizophrenia has since been independently replicated. 66 Embryologically, the temporal pole develops separately from the olfactory system and it is one of the last cortical regions to emerge. 67 Selective changes in olfactory cortical regions may therefore point to a developmental disturbance occurring during the late first or early second trimester of gestation, preceding the development of the temporopolar cortex but coincident with the emergence of the olfactory sensory apparatus. If this developmental hypothesis is correct, then we might expect to see similar abnormalities in more peripheral elements of the olfactory system that develop in association with the cortex in an integrated manner over the same time course.
Olfactory Bulb and Tract
Although MRI studies of the OBs have been conducted in the context of normal fetal development, congenital and acquired anosmias, Parkinson's disease, and Kallmann's syndrome, [68] [69] [70] [71] [72] [73] [74] only 2 such studies have been conducted in schizophrenia patients. 75, 76 In an initial study of 26 schizophrenia patients and 22 healthy comparison subjects, Turetsky et al 75 reported a 23% volume reduction, bilaterally, in patients. In healthy individuals, there was a strong association between OB volume and odor detection threshold sensitivity, but this normal structural-functional relationship was disrupted in schizophrenia. A second study by the same investigators 76 examined bulb volumes in an independent patient sample, as well as a sample of unaffected first-degree relatives of patients. This investigation replicated the finding of reduced bilateral bulb volumes in schizophrenia patients. It also revealed volume reductions of the right, but not the left, OB among genetically at-risk family members (figure 3). The presence of a bulb abnormality in the family members supports the hypothesis of a genetically mediated vulnerability factor affecting primary sensory components of the olfactory system. These 2 studies are the first demonstration of such a deficit in any sensory modality, in either schizophrenia patients or their family members. The restriction of the deficit to the right bulb, in relatives, may be related to the well-established finding that the right hemisphere is better adapted to processing olfactory inputs than the left. 77 This functional asymmetry presumably extends to the level of the bulb and recent studies have demonstrated larger right OBs as a consequence of normal development in diverse species. 78, 79 Right bulb development may therefore be more susceptible to developmental disruption or genetic mediation.
There are no volumetric studies of the olfactory tracts, as opposed to the bulbs, and such studies would likely shed little light on the status of these white matter fiber bundles. Diffusion tensor imaging, however, has been shown to be extremely sensitive to disruptions of olfactory tract integrity in early Parkinson's disease. 80 It is likely that this approach would prove to be similarly sensitive to such disruptions in schizophrenia.
Unfortunately, these studies have yet to be conducted. Indirect inferences regarding the developmental integrity of the olfactory tracts can, however, be obtained by examining the olfactory sulcus. This sulcus, which resides in the basal forebrain directly overlying the olfactory tracts, is among the earliest to develop in utero and is identifiable in the fetal forebrain around week 16 of gestation. 81 The depth of the olfactory sulcus is a measure that appears to be directly linked to embryonic development of both the olfactory system and the cerebral cortex. It develops in association with the projection of the olfactory tract from the OB to the olfactory cortex and it appears to be dependent upon the integrity of this afferent fiber tract for its own development. In developmental disorders such as Kallmann's syndrome or isolated congenital anosmia that are characterized by dysgenesis of the OB and tract, the olfactory sulcus tends to be unusually shallow or even completely absent. 82, 83 Olfactory sulcal depth may, therefore, be a pathognomonic marker for aberrant development of both the forebrain and olfactory sensory afferents during the first half of pregnancy. We recently measured the depths of the olfactory sulci in 36 schizophrenia patients and 28 comparison subjects, matched for age and gender distribution. 84 The olfactory sulci were shallower, bilaterally, in patients. A separate sample of 31 unaffected family members had sulcal depths that were intermediate between those of patients and controls but not significantly different from control subject values (figure 4) . Interestingly, consistent with the right hemisphere bias for olfactory functioning and the larger volume of the right OB, noted above, olfactory sulcal depth was also significantly greater on the right side across groups. Most importantly, the depth of the ''H-shaped'' orbital sulcus, which sits adjacent to the olfactory sulcus on the ventral forebrain, was not shallower in patients. The orbital sulcus does not begin to develop until week 28 of gestation. Hence, it is relatively immune to the effects of early intrauterine insults that can influence development of the olfactory sulcus. 85 Schizophreniapatients, therefore, are similar to individuals with other diagnoses who have known disruptions of early forebrain embryogenesis and exhibit congenital olfactory impairments, rather than individuals with postdevelopmental forebrain atrophy. 82, 83 Nasal Cavity
Macroscopic examination of the structures underlying olfaction can be extended even more peripherally to include evaluation of the nasal cavities. To this end, acoustic rhinometry can be employed. This simple bedside technique uses ultrasound technology to derive cross-sectional area measurements of the cavity from the tip of the nose posteriorly toward the nasopharynx. From these, volumes of individual segments of the left and right nasal cavities can be easily computed. Auxiliary measures include the minimum cross-sectional area and airflow resistance. These allow volume reductions resulting from mucosal engorgement or nasal congestion, which would compromise airflow, to be distinguished from deformations of the underlying cartilaginous structure.
There have been 2 studies of nasal cavity volume in schizophrenia. The initial investigation, which included only men, found that male patients had reduced posterior nasal cavity volumes relative to male controls and that this could not be explained by differences in stature, smoking, or vascular engorgement of the nasal tissue. 86 The second larger study included both male and female patients (n = 85) and controls (n = 66), as well as unaffected first-degree relatives of both genders (n = 25). 87 This study replicated the initial finding of reduced posterior nasal cavity volume in male schizophrenia patients. However, female patients did not differ from female controls and unaffected first-degree relatives of either sex did not differ from same-sex control subjects. These findings persisted after covarying for height and smoking history and were unrelated to clinical symptomatology or antipsychotic medication usage.
Embryologically, the nasal cavities develop through invagination of the nasal placodes, which are derived from neural crest tissue. This occurs between the 6th and 11th weeks of embryogenesis, in conjunction with palatal and nasal septal fusion. Although subsequent development results in overall enlargement, there is no substantial reshaping of the cavities. 88 The time course of nasal cavity development thus coincides with the period of substantially increased embryological risk for schizophrenia. [89] [90] [91] This suggests that posterior nasal cavity volume decrement may be a specific craniofacial dysmorphology marker of early embryological developmental disturbance in males with schizophrenia. Although the explanation for the gender specificity of this finding is unknown, the fact that schizophrenia manifests as a more severe illness in men is well documented. 92 This measure may be an indicator of this increased male vulnerability.
Functional Abnormalities
Olfactory Cortex
Physiological studies of olfactory sensory processing support the findings from structural imaging by providing convergent evidence that the functional integrity of the afferent olfactory system is compromised at the level of the cortex. Evoked potentials (EPs), with their exquisite temporal resolution, have the ability to parse physiological responses into early obligate afferent responses and later contextual processes. Their use in olfactory research has been limited due to the technical difficulties associated with odor stimulus delivery. Recent advances in olfactometry equipment have alleviated this problem. It is now possible to present precisely timed pulses of odorants of specified concentrations, without transient changes in temperature, humidity, or pressure. This permits the olfactory nerve (cranial nerve I) to be stimulated without concomitant trigeminal nerve (cranial nerve V) stimulation. This has given rise to a growing body of chemosensory EP data.
Initial studies employing this methodology confirmed the chemosensory specificity of the method and the absence of cross-modal contamination. Subjects with congenital anosmia, eg, had intact EP responses to chemosensory agents that stimulate the trigeminal nerve but no response to pure olfactory stimulants. 93 Olfactory EPs were also found to be sensitive to both gender differences and the functional decline in olfactory ability that occurs with normal aging. 94 Applying this methodology to the study of schizophrenia, Turetsky et al 95 characterized the physiological EP response elicited by passive smelling of 3 different concentrations of hydrogen sulfide in 21 patients and 20 healthy controls. Figure 5 illustrates the characteristic biphasic olfactory EP waveform. Note that the N1 and P2 components seen here are delayed by 200-300 ms relative to typical auditory or visual EP waveforms. This reflects the additional time required in olfaction, compared with audition or vision, for molecules of an odorant to bind to chemoreceptors in the olfactory epithelium.
Patients exhibited dose-dependent reductions in the amplitudes of both N1 and P2, with associated P2 latency prolongation. Patient deficits were more prominent with increasing odor concentration, with the magnitude of the cortical response exhibiting an abnormal ceiling effect. The olfactory systems of these patients were essentially ''overwhelmed'' by the stronger stimuli, becoming more dysfunctional as they tried to respond to the increased stimulus load. These physiological measures were directly related to psychophysical performance measures: N1 amplitude, which specifically denotes primary olfactory cortex activity, 96 was related to impaired odor detection threshold sensitivity; P2 amplitude, which reflects secondary sensory integrative processes, was related to impaired odor identification. These data provide the first direct evidence for a physiological impairment in the olfactory cortex in patients with schizophrenia. It is important to emphasize that this abnormality reflects an obligate physiological response elicited by repetitive stimulation of the first cranial nerve, in the absence of any attentional or cognitive processing demands. Although odor concentration varied, the stimuli were neither qualitatively distinctive nor task salient. It is unlikely, therefore, that this reflects other nonspecific factors that might alter brain function.
To assess the possible role of a genetic vulnerability factor in this physiological EP deficit, a second identical study was conducted in a sample of 15 healthy family members and matched controls. 97 A profile of abnormalities was seen in the family members that precisely matched what was observed in patients. That is, there were dose-dependent deficits in N1 amplitude, P2 amplitude, and P2 latency. There are 2 important features to note concerning this physiological deficit. First, these family members were not impaired on psychophysical tests of olfactory ability. This likely reflects a threshold phenomenon, in which overt behavioral impairments may not be observed until the underlying anatomic substrate abnormality rises above some critical threshold. Such nonlinear structure-function relationships are well established in many organ systems. The underlying substrate was, nevertheless, compromised, as indicated by the abnormal EP responses. This confirms the expectation that such physiological measures are more sensitive to detecting subtle deficits. Second, contrary to what has been reported in virtually all previous studies of familial abnormalities in schizophrenia, the relatives in this study did not show an intermediate deficit (ie, a deficit whose magnitude was between that of patients and controls). Rather, the relatives' deficit was equal to that of patients. This implies a much greater genetic contribution to, and less environmental modification of, this neural responseie, greater heritability-indicating that it could be a more useful endophenotypic marker of neurodevelopmental vulnerability.
Olfactory Bulb and Tract
Unfortunately, the small size of the OBs, along with their location deep in the midline below the ventral forebrain, makes it extremely difficult to record isolated bulb responses in vivo in humans. To our knowledge, there are no electrophysiological or functional imaging studies of OB activity in humans, let alone in schizophrenia patients. However, high-resolution magnetic resonance spectroscopy techniques may, in the future, provide information concerning bulb composition and activity.
Nasal Epithelium
The functional integrity of the ORNs located in the epithelial lining of the posterior nasal cavity can also be assessed via the electro-olfactogram (EOG). 98 The EOG represents the summed multicellular membrane depolarization of ORNs in response to a chemosensory odorant stimulus. This depolarization response can be recorded in vivo by a thin wire electrode inserted into the nasal cavity and positioned adjacent to the olfactory epithelium, allowing a direct examination of the physiological responsiveness of these peripheral sensory neurons. In contrast to scalp-recorded EPs, which have amplitudes on the order of 1-10 lv, the EOG response is several hundred microvolts in amplitude. This makes it possible to record responses to individual odor stimuli and to appreciate its exquisite sensitivity to odor concentration and exposure duration.
In a recent study of 21 patients and 18 controls-the only such study of its kind in schizophrenia-patients exhibited significantly larger EOG responses (figure 6). 99 This increased excitability in patients was evident across all odor concentrations and durations. It was also evident following both left and right nostril stimulation, although the group difference was greater for the right nostril. The patient-control difference could not be explained by differences in age, gender, smoking, or use of antipsychotic medications. This study provides unequivocal evidence of a peripheral olfactory sensory impairment, although the explanation for this seemingly paradoxical finding remains unclear. There appear to be at least 3 different possibilities: (1) the absolute number of olfactory neurons is greater in schizophrenia patients, hence the observed EOG response is more robust; (2) there is a loss of specificity of olfactory receptor expression in schizophrenia, such that the number of neurons that respond to a particular odorant is increased even if the absolute number of neurons is not; and (3) the magnitude of the membrane depolarization current of individual ORNs is increased, so that the recorded EOG response is greater even if the number of responding neurons is unchanged. These alternative mechanisms should not be considered mutually exclusive. There is, in fact, some indirect evidence to support each of them.
As previously noted, ORNs undergo continuing neurogenesis, including proliferation and differentiation of neural precursors, axon growth, and synapse formation. At any given moment (including the instant of death), examination of the olfactory epithelium offers a snapshot of these regenerative processes, revealing cells in different stages of differentiation and migration. Using postmortem tissue, Arnold et al 100 observed a decrease in p75-immunoreactive basal cells and an increase in the number of immature ORNs, suggesting dysregulated proliferation and differentiation of neuronal precursors in schizophrenia. In addition, in vitro olfactory epithelial cultures obtained through nasal epithelial biopsy of still-living patients exhibited increased rates of mitosis and greater cellular proliferation. 101 Gene expression profiling of olfactory epithelial tissue also found increased expression of multiple genes related to cell proliferation, differentiation, and neurogenesis in schizophrenia. 102 Collectively, . Right: EOG response to a 100 ms odor pulse. Olfactory receptor neuron depolarization is significantly larger in patients.
these findings suggest dysregulated processes of olfactory epithelial neurodevelopment in schizophrenia. The observation of increased EOG amplitude could, therefore, reflect altered cellular composition secondary to dysregulated neurodevelopment. This process may also be exacerbated by a loss of selectivity of olfactory neurons. Normally, a given olfactory neuron expresses only one olfactory receptor on its membrane surface, restricting its response to a specific odorant molecule configuration. 103 There is evidence, however, that such selectivity can be altered, as in the case of the alteration of olfactory function with normal human aging. 104 Perhaps more importantly, electrophysiological studies of olfactory development indicate that the olfactoryepithelium of immatureanimals ishighlynonselective, with individual olfactory neurons responding to many different odorants. 105 Selectivity appears to be acquired only later in development. Because the basic finding of these cellular studies is an increase in the turnover rate and density of immature rather than mature neurons, this could translate into an increased number of neurons that respond more nonselectively to any given odorant.
Another possibility is that the magnitude of the EOG response is increased at the level of the individual neuronie, that there are alterations in the intracellular signal transduction pathways that lead to increased membrane depolarization. The binding of an odorant to an olfactory receptor results in increased levels of intracellular cyclic AMP (cAMP). cAMP functions as a second messenger, causing cyclic nucleotide-gated ion channels to open and cations to enter the cell. There is a strong correlation between the magnitude of this transmembrane current, which produces the observed EOG response, and the levels of adenylyl cyclase activation and cAMP accumulation within olfactory neurons. 106 There is increasing evidence to suggest that this intracellular signaling cascade may be dysregulated in schizophrenia. An early study, using B-lymphocytes, 107 found increased adenylyl cyclase activity and cAMP accumulation in cells from schizophrenia patients following stimulation with forskolin, which binds to a high-affinity site on the catalytic subunit of adenylyl cyclase. More recently it has been shown that DISC1, the schizophrenia susceptibility gene located on chromosome 1q42, acts intracellularly to sequester phosphodiesterase, the enzyme responsible for the degradation of cAMP and to release it in response to elevated levels of cAMP. 108 Alterations of the quantity or function of the DISC1 protein will therefore necessarily alter the regulation of cAMP levels. Similarly, a polymorphism of the GNAS1 gene on chromosome 20q13, which codes for the a-subunit of the G-protein that stimulates adenylyl cyclase, has been associated with deficit syndrome schizophrenia. 109 Alterations of this protein would affect the production, rather than the degradation, of cAMP following stimulation. Alterations in cAMP levels could also be a secondary effect of either glutamatergic 110 or dopaminergic 111 dysregulation, both of which have been implicated in schizophrenia pathophysiology. While these associations support the idea that cAMP signaling is disrupted in schizophrenia, the status of olfactory signal transduction in this disorder has yet to be examined.
A recent behavioral study 112 tested the hypothesis that dysregulation of the cAMP-mediated signaling cascade contributed to olfactory dysfunction in schizophrenia. Turetsky et al measured odor detection threshold sensitivity to 2 different odors in 30 patients, 25 control subjects, and 19 unaffected family members. The specific odorants, citralva and lyral, were selected because, although they are qualitatively similar floral scents, they differed in the extent to which they activated intracellular adenylyl cyclase in the ORN to produce cAMP. Citralva produces a large increase in adenylyl cyclase and a robust EOG depoloarization response, while lyral elicits only a minimal response. 106, 113 On testing, control subjects did not exhibit any differences in their ability to detect the presence of these 2 odors. Both patients and family members, however, exhibited significant impairments in their ability to detect lyral but not citralva. This evidence of an odor-specific hyposmia indicates that the mechanisms underlying olfactory dysfunction in schizophrenia are not global ones that disrupt all aspects of sensory processing. It also implicates a genetically regulated disruption of cAMP-mediated signal transduction in peripheral ORNs as one specific mechanism underlying this dysfunction. While not dispositive in the absence of more direct physiological biochemical assessments, the results of this study provide strong inferential support for this hypothesis.
Olfactory Epithelial Biopsy
There is compelling preliminary evidence to suggest that the structural and functional impairments detailed above are mirrored by cellular and molecular abnormalities consistent with faulty cellular proliferation and innervation and/or dysregulated intracellular signaling. [100] [101] [102] The fact that ORNs exhibit continuous neurodevelopmental proliferation and can be harvested, in living subjects, through olfactory epithelial biopsy offers the possibility of testing putative mechanisms underlying the developmental neuropathology of the disorder ex vivo. Such a model also offers the opportunity to examine tissues at specific stages of the illness and to capture neurobiological changes associated with different phases of the illness. Recent work using explant cultures derived from epithelial biopsy material has demonstrated that the course of neuronal differentiation and maturation can be tracked over time, from neuronal precursors through immature to fully mature functional olfactory neurons. 114 A proportion of the cell lines derived from these explant cultures exhibit odor responsiveness and express neuronal protein markers. 115 Cultured cells also express receptors for different neurotransmitters, including serotonin 5HT2A and 5HT2C, dopamine D2R, and N-methyl-D-aspartate (NMDA) NR1 and NR2A/2B. 116 These receptors are functionally active and respond to appropriate ligands. The functional competence of different receptor classes can therefore be assessed by measuring G-protein activation 116 and/or calcium influx following ligand stimulation ( figure 7) . 117 This allows specific hypotheses, such as NMDA receptor hypofunction or altered cAMP-mediated signaling, to be tested directly using cultured neurons derived from clinically characterized patients or individuals at risk for disease. This work is still in its earliest stages. However, initial results suggest that there are robust disease-specific changes in both NMDA receptor function and ligand-induced G-protein activation in schizophrenia patients (C.G. Hahn, MD, PhD, unpublished data, 2009).
Making Sense of the Nonsense: An Attempt at Integration
Collectively, these research findings provide compelling evidence that schizophrenia patients exhibit structural and functional abnormalities of the olfactory system that extend from the cortex to the periphery. The presence of olfactory deficits in unaffected first-degree relatives of patients implicates, at least in part, a genetic etiology. Similarly, the presence of structural abnormalities associated with midline craniofacial and forebrain morphogenesis implicates an early embryonic developmental etiology. Importantly, there is an emerging pattern of relative dissociation between these genetic and developmental markers. Individuals who carry an increased genetic risk have functional olfactory deficits, as indicated by behavioral and electrophysiological measures. However, they do not exhibit the structural abnormalities that are most indicative of an early gestational disturbance (ie, reduced nasal cavity volume and shallow olfactory sulcus). Although data regarding other minor physical anomalies are somewhat contradictory, [118] [119] [120] [121] [122] these olfactory findings are in agreement with studies indicating that physical anomalies can distinguish monozygotic twins discordant for schizophrenia, 120 are prominent in sporadic but not familial schizophrenia, 120 and are not found in unaffected family members. 121, 122 It thus appears that structural and functional deficits may represent 2 relatively independent sets of measures that can be used to track, respectively, intrauterine environmental and genetic contributions to schizophrenia vulnerability. Of course, this dissociation is not absolute and this is not to suggest that genetic factors do not contribute to morphological abnormalities. Rather, it suggests that these structural measures may be especially sensitive to the environmental factors that influence embryonic development, while functional olfactory deficits may be more sensitive endophenotypic markers of an underlying genetic vulnerability.
This has important implications for the use of these measures as potential biomarkers, particularly in the context of longitudinal studies of individuals who are either at genetic risk due to a family history of schizophrenia or exhibiting behavioral changes consistent with a schizophrenia prodrome. As noted above, olfactory identification impairments predicted subsequent conversion to schizophrenia among ''ultra-high-risk'' individuals who either were exhibiting subthreshold psychotic symptoms or had a family history of psychosis and a significant decline in functioning. 49 While it still remains to be demonstrated, a composite measure that incorporates both structural and functional elements would presumably have greater sensitivity and specificity for predicting schizophrenia in this case than a functional measure alone. Also, the ultra-high-risk research strategy does not address the question of how to identify, prior to the onset of prodromal symptoms, those individuals with a family history of schizophrenia that are likely to develop the illness. In this case, the presence of both structural and functional olfactory abnormalities may be a critical distinguishing feature. Future longitudinal studies, therefore, should include the concurrent assessment of both sets of measures.
Although we cannot, at this point, identify the specific mechanisms that underlie these olfactory impairments, we can speculate about some of the broader processes that may be involved. Developmental abnormalities in midline craniofacial and forebrain morphogenesis suggest a disturbance in the cell-cell signaling mechanisms that regulate embryonic mesenchymal/epithelial tissue interactions. 123 Mesenchymal/epithelial induction during the first trimester of embryogenesis gives rise to the entire frontonasal region, including the olfactory epithelium, Fig. 7 . Ligand stimulation of dopamine receptors activates signaling pathways in human olfactory epithelial cultures. Cells were preincubated with either sch23390 (D1 receptor antagonist) or sulpiride (D2 receptor antagonist), followed by stimulation with 1 lM dopamine. Isoform specific activation of G-proteins was assessed for Gas/olf, Gai, Gao, and Gaq/11. Asterisks indicate significant effects of dopamine antagonists (adapted from Borgmann-Winter et al 116 ).
OB and rudimentary forebrain. 124 This set of complex tissue interactions is regulated by a group of molecules (including retinoic acid, sonic hedgehog, Notch4, and FGF) that control gene expression, and any dysregulation of this process could produce minor anomalies. Among these regulatory molecules, retinoic acid may be of particular interest. Retinoids have been previously implicated in the pathophysiology of schizophrenia 125, 126 and vitamin A deficiency is a prenatal nutritional factor that both increases the risk of illness and produces congenital malformations that resemble the stigmata of schizophrenia. 127 Importantly, retinoic acid also regulates the expression of multiple schizophrenia candidate genes and target molecules, including dysbindin, 128 dopamine and dopamine receptors, NMDA receptors, nicotine receptors, GABA receptors, 129 and elements of the G-protein-cAMP-protein kinase A intracellular signaling pathway. 130 The integrity of the olfactory system may also be maintained, in the adult brain, by retinoic acid-mediated regulation of neurogenesis. 131 It remains to be determined whether retinoids are specifically implicated in the etiology of schizophrenia olfactory deficits. We would emphasize, though, that an epigenetic regulatory mechanism of this sort offers a plausible unifying explanation for this multitiered array of structural, functional, genetic, developmental, inter-, and intracellular abnormalities. We would also note, in this context, that there is a growing appreciation of the potential importance of epigenetic mechanisms in the pathophysiology of schizophrenia. 132 
Conclusions
The olfactory system offers an integrated translational research model that can bridge multiple levels and domains of inquiry. The fact that olfactory dysfunction precedes the development of acute schizophrenia symptomatology indicates that early developmental changes in other central nervous system regions are mirrored in this relatively simple sensory system. With the opportunity to obtain olfactory neural tissue from live patients through nasal epithelial biopsy, the peripheral olfactory system offers a uniquely accessible window through which to observe the pathophysiological antecedents and sequelae of schizophrenia. An in-depth longitudinal characterization of olfactory neuronal dysfunction utilizing convergent in vivo and in vitro methods may allow us to observe, in the context of ongoing brain development, the development of functional dysregulations that are correlated with molecular and cellular changes. Such an approach may not only facilitate the identification of preclinical biomarkers but also link these to specific disease mechanisms. 
